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The unexpectedly high flux of cosmic-ray positrons detected at Earth may originate from nearby astrophysical sources, dark matter, or unknown processes of cosmic-ray secondary production. We report the detection, using the High-Altitude Water Cherenkov Observatory (HAWC), of extended tera-electron volt gamma-ray emission coincident with the locations of two nearby middle-aged pulsars (Geminga and PSR B0656+14). The HAWC observations demonstrate that these pulsars are indeed local sources of accelerated leptons, but the measured tera-electron volt emission profile constrains the diffusion of particles away from these sources to be much slower than previously assumed. We demonstrate that the leptons emitted by these objects are therefore unlikely to be the origin of the excess positrons, which may have a more exotic origin.
C osmic rays are high-energy particles from space that have been known for more than a century. The origin of high-energy cosmic rays and how they are accelerated remains unclear. Most cosmic rays are protons or atomic nuclei, but positrons and electrons also are a small fraction of the total cosmic-ray flux. Positrons are especially puzzling because the PAMELA (Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics) detector observed an unexpected excess of positrons at energies >10 GeV, compared with the predicted flux that originates from interactions of cosmic-ray protons propagating through the Galaxy (1) . Confirmation of these results has come from the Fermi Large Area Telescope (2) and AMS [Alpha Magnetic Spectrometer (3)] experiments; the latter also showed that the excess signal extends to hundreds of giga-electron volts.
Energy losses experienced in interstellar magnetic and radiation fields by the highest-energy positrons require that their sources lie within a few hundred parsecs from Earth (4) . Nearby potential cosmic-ray accelerators-for example, pulsar wind nebulae (PWNe)-have been proposed as the sources of these extra positrons (5, 6) . A PWN consists of a rapidly spinning neutron star (pulsar) that produces a wind of electrons and positrons that are further accelerated by the surrounding shock with the interstellar medium (ISM). There are a handful of known pulsars that are both close enough to be candidate sources and sufficiently old for the highest-energy positrons to have had time to arrive at Earth (7, 8) . Nearby dark matter particle interactions could also produce positrons (9) . Both PWNe and dark matter sources should also produce gamma rays that could potentially be observed coming from the sources, unlike positrons (whose paths are deflected by magnetic fields).
Recently, the High-Altitude Water Cherenkov Observatory (HAWC) collaboration reported the detection of tera-electron volt gamma rays around two nearby pulsars, which are among those proposed to produce the local positrons (10) . HAWC is a wide-field-of-view, continuously operating detector of extensive air showers initiated by gamma rays and cosmic rays interacting in the atmosphere (11) . The angular resolution improves from 1.0°to 0.2°with the size of the air shower. HAWC is the most sensitive survey detector above 10 TeV and is well suited to detecting nearby sources, which would have a greater angular extent. Operation of the full detector began in March 2015, and the data set presented here includes 507 days, as described in (11) .
Tera-electron volt gamma-ray emissions from the pulsars Geminga and PSR B0656+14 were found in a search for extended sources that was performed for the HAWC catalog, in which these two pulsars have the designations 2HWC J0635+180 and 2HWC J0700+143 (10) . By fitting to a diffusion model (12) , the two sources were detected with a significance at the pulsar location of 13.1 and 8.1 standard deviations (s), respectively (Fig. 1A) . The tera-electron volt emission region is several degrees across, which we attribute to electrons and positrons diffusing away from the pulsar and up-scattering the cosmic microwave background (CMB) photons. Geminga was previously detected at tera-electron volt energies by the Milagro observatory, with a flux and angular extent consistent with the HAWC observation but with lower statistical significance (13) . Here we show that the HAWC observation of the spectral and spatial properties of these sources can be used to constrain their contribution to the positron flux at Earth (Fig. 1B) .
A diffusion model of the spatial and spectral morphology (12) is fit to the gamma-ray flux N as a function of angle q from the source and gammaray energy E as Assuming that all the observed gamma-ray emission at tera-electron volt energies is produced Table 1 . Pulsar parameters, values of parameters from the model fitting to the observed extended gamma-ray emission, and assumed parameters of our model. Pulsar parameters are from (15) . by relativistic electron and positron pairs, we calculate the electron and positron flux produced by these sources at Earth. Tera-electron volt gamma rays are produced when positrons or electrons inverse Compton scatter lower-energy photons to higher energies. Gamma rays at~20 TeV are produced by electrons and positrons at~100 TeV (12) . At these energies, the scattered photons are primarily from the CMB, because the cross section for scattering higher-energy infrared and optical photons is strongly suppressed. Charged particles also lose energy by synchrotron radiation when propagating through a magnetic field. At the nominal distances of Geminga and PSR B0656+14 at 250 and 288 pc, respectively (15), the observed spatial extent of these two sources at tera-electron volt energies is tens of parsecs, which is much greater than the <0.1 pc nebula observed in x-rays (16, 17) . The x-ray emission is from synchrotron radiation, where the magnetic field is enhanced by the pulsar to 10 to 20 mG (18). The region emitting tera-electron volt gamma rays is primarily outside the x-ray nebula, so we assume that the magnetic field is equal to that of the nearby ISM at 3 mG (19) and is not increased by the presence of the pulsar or the prior supernova remnant. The implied energy density of the particles accelerated by the pulsar is several orders of magnitude less than the energy density of the interstellar magnetic fields, so the particles themselves do not amplify the field. If the magnetic field was higher, the pulsar could not provide enough energy to produce the observed gamma-ray luminosity.
Geminga
We assume that particles are accelerated from 1 GeV to 500 TeV with a power-law energy spectrum. The spectral index of the electrons is chosen to fit the HAWC gamma-ray observations and is harder than the gamma-ray spectra by~0.1 (12) . The total flux of electrons and positrons is 40 and 4% of the measured power released by the slowing of the spin of Geminga and PSR B0656+14, respectively. Because most of the power released is in electrons with energies below those measured by HAWC, the conversion of the spindown power to accelerated electrons could be less efficient if the spectrum breaks at lower energies. However, lower efficiencies reduce the local positron flux. The tera-electron volt gamma rays could also be produced by high-energy protons interacting with matter. However, the matter density around these sources is low (20) , and a proton origin of the gamma-ray emission is disfavored because the required power would be even larger than the total energy injected by the pulsar.
If electrons and positrons are injected continuously and diffuse isotropically away from their sources, the density of particles is proportional to (1/r)erfc(r/r d ), where r d is the diffusion radius, r is the distance from the pulsar, and erfc is the error function (21) . The integral of this function along the line of sight is the gamma-ray surface brightness. The diffusion radius is defined as
here, D is the diffusion coefficient, and t is the lepton injection time and is chosen to be the electron-cooling time for the energy of electrons that produce the HAWC observation (12) . The diffusion coefficient increases with energy E as E d , where d is chosen to be 1/3, motivated by the Kolmogorov turbulence model (22) . This value of d is also compatible with recent results from AMS-02 for the spectrum of hadronic cosmic rays that are produced by spallation (23) .
The observed surface brightness distributions of Geminga and PSR B0656+14 are shown in Fig. 2 , along with our model fit. The fitted values of D 100 (where D 100 is the diffusion coefficient for electrons at 100 TeV) are given in Table 1 . Because the sources are close to each other spatially, as seen in Fig. 1 , we also fit a single D 100 to both ( Table 1) . The values of D 100 derived from a joint fit and fits to the individual sources are equivalent within the uncertainties. We also fit the emission around Geminga with an elongated diffusion model, and the fit result is not statistically significant over the isotropic diffusion model, so there is no evidence of anisotropic diffusion in these data.
The value of D 100 derived from our HAWC observations (4.5 ± 1.2 × 10 27 cm 2 s −1 ) is smaller by a factor of about 100 than those considered in previous models of electron diffusion into the local ISM (5-8, 24) . These other models assumed that D was similar to the value inferred from hadronic cosmic rays, which may not be applicable to positrons in the local ISM. Spatial inhomogeneities are possible (25) , and such a low D could arise from additional effects of turbulent scattering (26, 27) , for example. Because the angular extent of the tera-electron volt source is proportional to ffiffiffiffiffiffiffiffiffi D 100 p , a diffusion coefficient larger by a factor of 100 would result in an angular extent for the source that is larger by a factor of 10 and a surface brightness for the same total flux that is smaller by a factor of 100. This would make these two sources undetectable by HAWC.
To calculate the positrons that have diffused to Earth, the history of the pulsar's emission must be included because the lifetime of sub-tera-electron volt positrons in the ISM can exceed that of the pulsar. Assuming that a pulsar is a pure dipole radiator and hence has a braking index of 3, its luminosity L at a time t after its birth is predicted to vary as L = L 0 (1 + t/t) -2 . We take the characteristic initial pulsar spin-down time scale (t) of 12,000 years for Geminga (28) and assume it to be the same for PSR B0656+14. The electron transport equation is solved using the EDGE code (29) for electron diffusion (12) . that from PSR B0656+14, owing to the combination of Geminga's greater gamma-ray flux that injects more energy into electrons, its older age, and its closer distance. We consider the impact of different systemic effects (12) : If the spectral index of the diffusion coefficient d were smaller, lower-energy positrons would diffuse faster; if the characteristic initial spin-down time scale t were shorter, the luminosity would have been higher in the past. If the current distance were smaller, that would not change the local positron flux substantially because the true D 100 would also have to be smaller (because it is derived from the angular extent of the sources). Therefore, in this model, these pulsars do not produce a measurable contribution to the positron flux measured by AMS-02 at Earth. Moreover, regardless of the absolute flux, their strongly peaked energy spectrum is incompatible with the flat distribution in energy found by AMS-02.
Our conclusions conflict with a recent estimate (30) based on the HAWC catalog data (10) . The model in (30) considers the effect of constantvelocity convective winds to be dominant over diffusion. We have shown here that the teraelectron volt gamma-ray surface brightness measured by HAWC-not available at the time of publication of (30)-is well fit by a diffusion profile and strongly disfavors the convection profile. Moreover, the absence of any pressure or energy source to power this strong wind strongly disfavors the model in (30) and the conclusions drawn regarding the local positron flux.
Geminga and PSR B0656+14 are the oldest pulsars for which a tera-electron volt nebula has so far been detected. Under our assumption of isotropic and homogeneous diffusion, the dominant source of the positron flux above 10 GeV cannot be either Geminga or PSR B0656+14. Under the unlikely situation that the field is nearly aligned along the direction between Earth and the nearby tera-electron volt nebulae, the local positron flux can be increased; however, the teraelectron volt morphology of the sources matches our isotropic diffusion model. We therefore favor the explanation that instead of these two pulsars, the origin of the local positron flux must be explained by other processes, such as different assumptions about secondary production [although that has been questioned (31, 32) ], other pulsars, other types of cosmic accelerators such as microquasars (33) and supernova remnants (32), or the annihilation or decay of dark matter particles (9). The spectrum expected at Earth is strongly peaked at the energy where the cooling time equals the age of the pulsar. The positron flux at Earth from PSR B0656+14 is several orders of magnitude lower than that from Geminga and below the range of this plot. AMS-02 experimental measurements are from (34); error bars come from the quadratic sum of statistical and systematic errors. Both AMS-02 experimental measurements and error values were fetched from an online database (35) .
